Blood pressure is a complex trait of pivotal biological importance, in which 20-50% of interindividual variation is genetically determined. Whereas genes have been identified in several rare Mendelian forms of hypertension, little progress has been made in understanding the genetics of blood pressure variation in the general population. Recently, we screened the human genome using rural Chinese sibling pairs with extreme blood pressure and identified suggestive linkage for two chromosomal regions. By refining the trait definition and genotyping additional markers, we detected significant linkage (maximum lod score = 3.77) near D15S203 in lower extreme diastolic blood pressure sibling pairs. Using a second independent data set from the same geographical area, we marginally replicated (P = 0.05) this result, suggesting that this locus is very likely to be involved in the regulation of diastolic blood pressure.
INTRODUCTION
Essential hypertension, characterized by elevated blood pressure with unknown causes, affects 50 million Americans and contributes to >200 000 deaths annually from stroke, myocardial infarction and end-stage renal disease, making it a major public health problem and an important research topic. This disorder may arguably be regarded as the upper extreme of the blood pressure distribution resulting from the aggregation of inherited genes and environmental factors that favor elevated blood pressure (1) . With various epidemiological studies suggesting that 20-50% of interindividual variation in blood pressure is genetically determined (2) (3) (4) (5) , the search for the blood pressure genes has been intense. However, the complexity of blood pressure stemming from the multiple genetic and environmental factors has effectively eliminated the possibility of using the traditional parametric linkage approach that has been successful in identifying genes for monogenic disorders. As a result, while genes have been identified in several rare Mendelian forms of hypertension (6) (7) (8) (9) (10) (11) , little progress has been made in understanding the genetics of blood pressure variation in the general population. Previous genetic studies of blood pressure have largely concentrated on hypertension and on candidate genes in the pathways that are important for the regulation of blood pressure, most notably the renin-angiotensin-aldosterone system. Among all candidate genes investigated, only the angiotensinogen (AGT) gene has been shown to play a role in the pathogenesis of essential hypertension (12) .
Instead of focusing only on hypertension and the candidate genes from physiological studies, we recently carried out a whole genome scan on extreme (both hypotensive and hypertensive) sibling pairs ascertained from a blood pressure screen of >200 000 people in Anqing, China (13) . Using Weber Screening Set v.9, which consists of 367 autosomal microsatellite markers with an average interval of 10 cM, we identified two new candidate blood pressure quantitative trait locus (QTL) regions with maximum lod scores (MLSs) of ∼2.7. The first QTL, located between D15S657 and D15S642, was detected in concordant lower extreme diastolic blood pressure (DBP) sibling pairs. The other one, located at D16S3396, was detected in concordant lower extreme systolic blood pressure (SBP) sibling pairs.
However, the strategy for extreme sibling pair selection in our previous study was based solely on age-adjusted blood pressure and was not optimal. In the previous study, sibs were selected if their blood pressure fell in the 10 percentile tails of the age-adjusted distribution in the normal population. It is well established that gender and body mass index (BMI) are also important predictors for blood pressure. Ignoring them in the ascertainment scheme of extreme siblings may introduce undesirable classification errors and reduce the power to detect linkage.
In the present study we report an empirically derived blood pressure predictive model with gender, age and BMI as predictors. Using this model, we re-evaluate the evidence for linkage between chromosome 15 and low DBP in our previous genome scan samples. Finally, we provide replication of this result in another independent set of lower extreme DBP sibling pair families.
RESULTS

Blood pressure predictive model and definition of extremes
To improve classification accuracy, a blood pressure predictive model was constructed from a control population by multiple regression of subjects' blood pressure versus their age, BMI, gender and interaction terms. The control population (Table 1) , consisting of 3190 subjects with ages ranging from 15 to 60 years, was not selected for particular blood pressure values but geographically matched for our study population. The parameter estimates of the regression model are summarized in Table 2 . In our model, age, gender and BMI were all significant predictors for both SBP and DBP, as were many quadratic and interaction terms. We redefined the trait using blood pressure residuals (observed -predicted) according to this model and considered a value to be extreme if it fell in the lower 10th or upper 90th percentile tail of the residual blood pressure distribution in the unselected population (Fig. 1) .
Multipoint linkage analysis
Using the refined definition of extreme and imposing additional constraints of age from 15 to 60 and BMI from 14 to 35, we were able to ascertain 53 concordant lower extreme DBP sibling pairs and 18 concordant lower extreme SBP sibling pairs from the nuclear families included in our previous genome scan. Both parents were available in all the ascertained families. The number of lower extreme SBP sibling pairs was too small for any meaningful genetic analysis, so we focused on the 53 concordant lower extreme DBP sibling pairs (Table 3) . Our multipoint linkage analysis, which took k -1 independent sibling pairs from families with k ≥ 2 extreme siblings, provided suggestive evidence for linkage with chromosome 15q with an MLS of 3.2 ( Fig. 2a) . This MLS peak occurred at the same location (between D15S657 and D15S642) identified in our previous analysis, but was half a lod unit higher. The information content at the peak was a relatively low 0.61 due to the large interval (>16 cM) between D15S657 and D15S642. To improve the information content in this region, we genotyped five additional polymorphic microsatellite markers (denoted by *) for a total of eight markers in the region: D15S130*, D15S816, D15S207*, D15S657, D15S107*, D15S203*, D15S87* and D15S642. The multipoint maximum likelihood estimates of the sex-averaged map intervals between these markers, calculated from our data using the sib_map component of the ASPEX package (14), were 2.1, 4.5, 1.7, 3.8, 3.6, 5.7 and 3.0 cM, respectively. Multipoint linkage analysis with this denser set of markers revealed an MLS peak of 3.77 near D15S203, corresponding to a pointwise P value of 1.6 × 10 -5 and a genome-wide significance level of 0.036 (Fig. 2b) . The information content was 0.86 at the peak and remained high across the whole region. We also assessed by simulation the likelihood of observing an MLS ≥3.77 for the eight marker region (i.e. regional significance) in our study families. Specifically, we used the observed parental genotypes to randomly form parental haplotypes and then simulated transmission to offspring based solely on the recombination fractions determined by marker intervals. For each of these null (i.e. no linkage) simulations, we calculated the MLS statistic for the given constellation of phenotypes. Out of 100 000 simulations, only 11 MLS values exceeded 3.77, indicating a regional significance level of 0.00011. In comparison, the theoretical regional significance level, which conservatively assumes a perfect genetic map, was 0.00029. 
Replication of linkage
This study is the first to provide evidence for significant linkage of low blood pressure with a region at the telomeric end of chromosome 15q. To confirm our finding in another independent set of families, we ascertained a new collection of 58 independent concordant lower extreme DBP sibling pairs from the same population (Table 3 ) and carried out a replication study. Multipoint linkage analysis of the replication data showed a peak at D15S657 (∼7 cM centromeric to the previous peak) with an MLS of 1.03 (Fig. 2c) , which corresponds to an unadjusted pointwise P value of 0.015 and a theoretical regional significance level of 0.084. The centromeric end of the replication region contained a slightly higher MLS peak of 1.07. It has been suggested that a pointwise P value of ∼0.01 is required to attain a 5% significance level over a 20 cM confirmation region (15) . However, such a significance level adjustment is based on perfect maps with infinitely dense markers and is conservative for studies with intermediately dense markers as was used in ours. Instead, we estimated the significance level by simulation as described above. Only 101 of 2000 simulations produced an MLS ≥1.03, suggesting a significance level of 0.05 for our replication study.
DISCUSSION
Blood pressure is a quantitative trait determined by multiple genetic and environmental factors. There is ample evidence suggesting that blood pressure variability is likely to be the result of multiple genes each of modest effect, though the number of genes involved and the magnitude of their effects are unknown. One goal of the present study was to determine whether we could detect any measurable genes for blood pressure in a rural Chinese population. While numerous genetic studies on hypertension have been published, very few investigations have been done on the lower spectrum of blood pressure. By studying hypotensive sibling pairs in a Chinese population, we have demonstrated, for the first time, the existence of a novel blood pressure QTL near D15S203 at the telomeric end of chromosome 15q. We were also able to marginally replicate the linkage (P = 0.05) in the same population. The fact that linkage was detectable with a relatively small number of sibling pairs suggests that the speculated gene may play a significant role in blood pressure variation. An alternative explanation is that there may be considerably fewer genes and environmental factors that lower blood pressure compared with ones that raise it, resulting in greater homogeneity in the subpopulation of lower extreme Families with three extreme siblings 10 5
Total independent sibling pairs 53 58
Sibling gender (male, female) 48%, 52% 46%, 54%
Sibling age (years, mean ± SD) 29.0 ± 6.2 29.7 ± 7.3
Sibling BMI (kg/m 2 , mean ± SD) 21.3 ± 2.4 21.5 ± 2.6
Sibling DBP (mmHg, mean ± SD) 50.3 ± 6.2 53.0 ± 5.5
Sibling SBP (mmHg, mean ± SD) 105.0 ± 13.5 103.0 ± 11.4
blood pressure and improved power to detect linkage in our study. A third possibility is that our study population, which is from a relatively isolated rural region in China, is genetically more homogeneous and/or affected by fewer environmental factors compared with a typical American population. Searching the Genome Database (http://www.gdb.org ) and the radiation hybrid map at the Stanford Human Genome Center (http://www-shgc.stanford.edu ) revealed six possible genes in this region, including insulin-like growth factor I receptor (IGF1R), and five ESTs of unknown function. Further studies are required to evaluate the significance of this QTL in other populations, to refine the chromosomal location of this QTL and, ultimately, to identify the gene and its functional variants responsible for variation in blood pressure.
MATERIALS AND METHODS
Human subjects
The extreme blood pressure sibling pair families included in both the initial genome scan and the subsequent replication study were ascertained from a blood pressure screen of >200 000 individuals from Anqing, China. For a detailed description of the study site, the population and screening procedure see Xu et al. (13) . The control population used to construct the blood pressure predictive model was also obtained from the same study site without any selection for subjects' blood pressure. Informed consent from each of the human subjects has been obtained after the nature and possible consequences of this study were explained.
DNA extraction
Genomic DNA was extracted from peripheral blood at the Anhui Meizhong Institute for Biomedical Science and Environmental Health (Anhui, China), using Puragene DNA Isolation kits (Gentra System, Minneapolis, MN) with previously described modifications (16) . After extraction, DNA samples were sent to the Program for Population Genetics (Harvard University, Boston, MA) and stored at -85°C until use.
Genotyping
Genotyping for the initial genome scan was performed by the NHLBI Mammalian Genotyping Service (Marshfield, WI). Genotyping of additional markers and replication families was performed at the Program for Population Genetics using fluorescence-based detection. Fluorescent dye-conjugated PCR primers, including AFM072yb11 (D15S130), GATA73F01 (D15S816), AFM309vg9 (D15S207), GATA22F01 (D15S657), Mfd87 (D15S107), AFM286zb5 (D15S203), Mfd49A (D15S87) and GATA27A03 (D15S642), were purchased from Research Genetics (Huntsville, AL) and used to amplify the designated loci. Genomic DNA (2 µl, 15 ng/µl) was amplified in a 6 µl PCR reaction containing 0. 15 
Linkage analysis
Affected sib pair analysis in this study was carried out using ASPEX v.1.18, which was obtained by anonymous ftp from ftp://lamed.stanford.edu/pub/aspex/ . Marker order was obtained from Marshfield Center for Medical Genetics (Marshfield, WI) and confirmed with our own data using sib_map, which was included in the ASPEX package. The multipoint maximum likelihood estimates of the sex-averaged map intervals between markers were also calculated from our own data using sib_map. Multipoint MLS values were calculated in steps of 1 cM under the presumption of no dominant variance, which fixes the probability of sharing one allele among siblings at 0.5. For families with k > 2 extreme siblings, only k -1 independent sib pairs were used for the calculation. The information content of markers was estimated using MAPMAKER/SIBS (17) . The conversion between regional (or genome-wide) significance level α T * and singlepoint significance level α T of the MLS was approximated by Ornstein-Uhlenbeck diffusion (18) , using the equation α T * ≈ [C + 2ρGh(T)]α T , where C is the number of chromosomes, ρ measures the crossover rate and is 2 for sibling pair analysis with parents, G is the total length of genome (or chromosomal region) in Morgans and h(T) = MLS × 2log e 10.
